Results of simultaneous thermal analysis (STA), synchrotron powder diffraction (in the range 300-973 K) and inelastic neutron scattering (at 285 and 505 K) on non-superionic β-and superionic α-AgCuSe are reported. The sample is stable in argon on heating. The volume change at the superionic phase transition is about 5%. A model for the average structure of α-AgCuSe is proposed. No anomalies in the temperature dependence of the parameters of the average structure were revealed. Ionic conductivity in α-AgCuSe can originate from cation jumps in "skewed" 100 directions between nearest-neighbour tetrahedral sites via the peripheries of the octahedral cavities. A correlation between the temperature dependence of the cation redistribution in α-AgCuSe and the temperature dependence of the ionic conductivity is supposed. Various contributions (anharmonic effects, time-average static disorder and phononphonon scattering) to the widths of individual phonons upon temperature increase lead to pronounced changes in the neutron-weighted densities of states of β-and α-AgCuSe and accompany the superionic phase transition as well. 
Introduction
For a long time, copper and silver based selenides have attracted the attention of scientists due to their exceptional transport properties. Recently, the high ionic conductivity renewed the practical interest in silver copper selenide, AgCuSe. In the superionic α-phase of AgCuSe the ionic conductivity at temperatures above 473 K is as high as 1.5 Ω cm −1 [1, 2] . Superionic conductors find technological applications in energy storage devices and selective gas pressure monitors. Moreover, Balapanov et al. reported very large ionic thermoelectromotive force coefficients in copper-and silver based selenides [3] ; therefore an implementation of these materials in thermoelectric devices is of considerable interest [3] .
The earliest structural investigation reported a tetragonal structure for β-AgCuSe at room temperature (RT), space group P 4/nmm, with lattice parameters a = 4.075Å and c = 6.29Å, Z = 2 [4] . Shortly thereafter a e-mail: d trots@yahoo.com b e-mail: ans@ippe.ru c e-mail: mknapp@cells.es d e-mail: hfuess@tu-darmstadt. de Frueh et al. [5] found that β-AgCuSe at RT crystallizes in pseudo-tetragonal orthorhombic symmetry and has a large supercell a×5a×c with Z = 10 (space group Pmmn) with respect to a tetragonal subcell with lattice parameters a = 4.07-4.105Å and c = 6.31Å. Moreover, these authors found a reversible phase transition in the hightemperature phase at 463-468 K. Kiazimov et al. determined the equilibrium temperature between the low-(β) and high-temperature (α) modifications of AgCuSe at 504 K, i.e. only the cubic phase exists above this temperature [6, 7] . In more recent reports α-AgCuSe was indexed based on a cubic face-centered cell (fcc) with a = 6.080Å at 523 K. Recently, several additional reflections in the diffraction pattern of β-AgCuSe at RT were reported [8] which were not listed in the previous literature. Furthermore a large superstructural orthorhombic cell was reported in [9] on the basis of electron diffraction. In the latter work diffraction patterns of β-AgCuSe at RT were indexed based on an orthorhombic cell a × 10a × 2c with Z = 40, where a = 4.105Å, a = 4.070Å, c = 6.310Å are the lattice parameters of the basic primitive subcell proposed by Frueh et al. [5] . A pronounced structural disorder in superionic α-AgCuSe was reported in [10] . In this
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The European Physical Journal B report the structure at 523 K was derived from conventional X-ray powder diffraction only. Accordingly, anions are situated on the 4(a) site at (0, 0, 0), whereas cations are statistically distributed between 8(c) at ( 1 / 4 , 1 / 4 , 1 / 4 ) and 32(f ) sites at (x, x, x) with 1 / 3 < x < 1 / 2 (Z = 4, space group F m3m).
To our knowledge, there are no data on the hightemperature structural evolution of the average structure and the vibrational density of states in AgCuSe in the literature. In the present work we report the results of diffraction studies on AgCuSe in the temperature range between 300 and 973 K and inelastic neutron scattering results at 285 and 505 K.
Experimental details and data reduction
The AgCuSe sample was synthesized via a solid-state route at 1173 K in silica tubes, evacuated down to 10 −3 mbar and sealed. Preliminary X-ray diffraction (XRD) measurements were performed using a STOE STADI P diffractometer (Cu Kα 1 radiation, curved Ge (111) monochromator, transmission mode, step 0.03
• (2θ), curved phase-sensitive detector). In order to characterize the stability of AgCuSe, STA measurements, which combined thermogravimetry (TG) and differential scanning calorimetry (DSC), were carried out on a Netzsch STA 429 device at a heating-cooling rate of 10 K/min, either in air or in argon.
High-temperature structure investigations in the temperature range RT-973 K were performed at the synchrotron facility Hasylab/DESY (Hamburg, Germany) with powder diffractometer at beam-line B2 [11, 12] . A 0.3 mm quartz capillary was filled with powdered AgCuSe under argon atmosphere and sealed. Subsequently the capillary was mounted inside a STOE furnace in Debye-Scherrer geometry, equipped with a EUROTHERM temperature controller and a capillary spinner. Full patterns were collected over a 2θ range of • with a step size of 0.004 • in temperature steps of 50 K. The final product was analysed at RT after heating to 973 K and cooling. The wavelength λ = 0.470015Å was determined from 6 reflection positions of the Si SRM640b standard sample. Data evaluation was performed using the program package "FULLPROF" [13] : lattice parameter, zero shift, background and profile shape parameters were refined by a whole-pattern decomposition procedure; the time-averaged structure was analysed by the full-profile Rietveld method with fixed values of already refined parameters.
The inelastic neutron scattering spectra of β-and α-AgCuSe were collected at 285 and 505 K with the DIN-2PI direct geometry spectrometer installed at the IBR-II pulsed neutron reactor in Dubna, Russia [14] . In order to reduce sample absorption and to extend the kinematical range, an incident neutron energy of 18.496 meV was selected. A polycrystalline sample (about 30 g) was placed in a slab holder (1 × 5 × 110 mm 3 ) made from thin aluminium foil and mounted in a sample chamber at an angle of 60
• between the incident beam and the normal of the slab (reflection geometry). The sample chamber was evacuated down to 10 −2 mbar. Neutron scattering data were collected simultaneously at 12 scattering angles in the kinematical range from 1.94Å −1 to 5.50Å −1 . The energy resolution of the spectrometer was about 5-8% for energy transfers between -13-160 meV (negative values correspond to neutron energy loss). Empty can and vanadium normalization runs were also performed. The standard corrections for the background due to the empty container (taking into account self-shielding of the sample geometry), normalization and detector efficiency corrections were applied to the measured differential cross section data by the standard data reduction procedure at DIN-2PI. Since the absorption cross section of the sample at the selected incident energy was sufficiently large and a thin slab sample holder was used, multiple scattering effects could be neglected [15] . In spite of the mainly coherent scattering from AgCuSe, an estimation of the generalized frequency spectrum is possible even for such a sample. In this case, according to the incoherent approximation [16] , coherence effects should be of minor importance if a time-of-flight experiment is performed on a powder sample (directional averaging) with a sufficiently large incident energy (some meV) and in such a large kinematical range. Thus, we employed the incoherent approximation and used as starting point for the derivation of the frequency spectrum the standard phonon expansion (see for example, [17] ). The multiphonon correction was performed according to the self-consistent iterative procedure well described in [17, 18] . Frequency spectra below 2.5 meV were dominated by a large elastic peak due to resolution effects, nevertheless, this peak was easily removed and, finally, data below 2.5 meV were extrapolated to zero transferred energy in Debye-like form.
Results and discussion

Stability of the sample
After preliminary XRD measurements, which revealed no impurities in the sample, AgCuSe was characterized by STA ( Fig. 1) . The DSC curve of AgCuSe measured in air displays a strong endothermic signal at 480 K, which corresponds to the superionic phase transition (Fig. 1a) . This is in agreement with calorimetric, XRD and ionic conductivity data from the literature [1, 2, 5, 7, 9, 10] . The TG curve clearly indicates an increase of the sample weight during heating in air. This corresponds to an oxidation of the sample. XRD phase analysis showed decomposition of the initial sample into copper oxide (PDF-2 card [45-937]), silver selenite (PDF-2 card 34-382) and silver (PDF-2 card [89-3722]). A possible oxidation mechanism of AgCuSe is suggested in [19] . On the other hand, no obvious changes of the sample weight were observed in the TG curve measured in argon (Fig. 1b) . XRD analysis of the sample, which was heated in argon during STA, showed no significant changes with respect to the initial state. The DSC heating curve of AgCuSe in argon exhibits two pronounced endothermic peaks with maxima at 480 and 1054 K, corresponding to the superionic phase transition and melting of the sample, respectively. The DSC data during successive cooling show thermal events at 464 and 1042 K, i.e. some hysteresis in comparison with heating.
Structural behaviour of AgCuSe at high temperatures
In agreement with calorimetric studies, high-temperature synchrotron powder diffraction measurements revealed two phases in the temperature range studied. Attempts to refine the structure of non-superionic β-AgCuSe based on the model from Frueh et al. (ICSD #44608, [5] ) were unsuccessful. Diffraction patterns of β-AgCuSe were indexed, according to the results from electron diffraction [9] , based on a large orthorhombic supercell a×10a ×2c with Z = 40 (space group Pmmn), where a = 4.105Å, a = 4.070Å, c = 6.310Å are lattice parameters at RT of the basic orthorhombic primitive subcell proposed by Frueh et al. [5] . In accordance with other authors [6, 7, 9, 10] , the hightemperature phase of silver copper selenide was indexed based on a cubic cell (space group F m3m, a = 6.1002(8)Å at 523 K). The temperature dependences of lattice parameters and volume per formula unit of β-and α-AgCuSe are presented in Figure 2 . The discontinuous volume change of about 5% at the superionic β → α transition is a very strong indication for a 1st order phase transition. The volume thermal expansion coefficients are 44 × 10 −6 K −1 and 95 × 10 −6 K −1 for the β-and α-phases, respectively. We used the so called "split-site" analysis (see for example, [20] ) to display disorder in α-AgCuSe. During refinement great care was taken to ensure that data were not overinterpreted by models with an inappropriate large number of structural parameters. The cation distribution was parameterised using different structural models with silver and copper cations randomly distributed over tetrahedral and octahedral interstitial sites within a rigid selenium fcc sublattice. Refinements were based on a F m3m symmetry and are summarized in Table 1 . The results demonstrate a considerable degree of cation disorder which can be modelled by a random occupation of the tetrahedral 8(c) site at ( 1 / 4 , 1 / 4 , 1 / 4 ) and the octahedral 32(f ) site at (x, x, x) with 1 / 3 < x < 1 / 2 (Figs. 3  and 4) . This indicates cation disorder in 111 directions. Attempts were also made to refine the data in the ideal antifluorite structure and in a 'one-site' model with cations . All these models were either unstable in the refinement due to high correlations between fitted parameters or produced a worse fit to the experimental data.
The model with cations disordered between 8(c) at ( 1 / 4 , 1 / 4 , 1 / 4 ) and 32(f ) at (x, x, x) with 1 / 3 < x < 1 / 2 yields a temperature dependence for the parameters of the average structure without any anomalies: isotropic temperature factors increase with increasing temperature (the temperature factors of the cations increase more rapidly); the cation positions of the octahedral site 32(f ) at (x, x, x) with 1 / 3 < x < 1 / 2 are slightly shifting from the centre of the octahedron; there are no pronounced changes in the temperature dependence of the cation occupancies (Tab. 1). Within this model, disorder occurs in 111 directions towards the faces of the octahedron rather than to the octahedron edges; in spite of the significant octahedral occupation there is minimum cation density on the ideal octahedral site 4(b) at ( 1 / 2 , 1 / 2 , 1 / 2 ). In view of these crystal structure features, it is likely that cations jump in skewed 100 directions between nearest-neighbour tetrahedral sites via the peripheries of the octahedral cavities. The same mechanism of ionic conductivity was proposed on the basis of powder diffraction studies for the superionic antifluorite phases of Ag 2 Te [21] , Cu 2−δ Se (δ = 0, 0.15, 0.25) [22] and is obvious from analysis of diffraction results on CuI [23] and Cu 1.95 S [24] . Note that diffraction results on a number of copper-and silver based halides and chalcogenides (for instance, [22, 25, 26] ) imply that ionic conductivity can be sensitive to details of the cation redistribution between available interstitial sites vs. temperature or the stoichiometry of samples. Taking this into account, we can propose a correlation between the results of the electrochemical measurements from Miyatani et al. [1, 2] , which revealed only a relatively modest increase in ionic conductivity with temperature within α-AgCuSe, and our diffraction results, which show no pronounced cation redistribution. The same correlation was reported for superionic fcc-Ag x Pb 1−x I 2−x with x = 1/3 and 2/3 [25] .
Generalized neutron-weighted densities of states in β-and α-AgCuSe
Neutron-weighted densities of states, Z(ε), for both phases studied are presented in Figure 5 . The spectra of Z(ε) in β-and α-AgCuSe can be described as a superposition of two well-defined broad peaks at an energy transfer ε of about 8 and 18 meV. The linear (instead of a square) dependence of Z(ε) in the energy transfer range of 2.5 < ε < 5 meV for both phases is particularly noteworthy. Such non-Debye behaviour of Z(ε) at low energies is an evidence of the high level of anharmonicity in the studied system. The temperature effects usually manifest in a phononic broadening [27] . Such a phonon broadening in superionics is commonly attributed to increasing anharmonic effects and time-averaged static disorder (see for example, [27, 28] ). Moreover, increasing phonon-phonon scattering due to increasing phonon occupancies at higher temperatures play a crucial role in phonon broadening (see for example, [29] ). It appears that this phonon broadening is reflected in the phonon density of states as a general smearing out of well defined features and a high-energy cut-off. Therefore, apparent changes in the frequency spectrum of superionic α-AgCuSe such as a damping of the low-energy part (peak at ∼8 meV) and smearing of the high-energy part (peak at ∼18 meV) of the spectrum are clearly visible compared to the spectrum of non-superionic β-AgCuSe. Such changes in the frequency spectrum of the α-phase cannot only arise because of the temperature effects on phonons mentioned above, in the present case they are accompanied with a 1st order superionic phase transition as well. Moreover, the noticeable excess in the density of states in superionic α-AgCuSe above 23-25 meV is clearly visible. Such an effect arouses suspicion, because the corresponding range lies above the thermal energy, kT, for the β-AgCuSe and these phonon states were not thermally populated, while the measurements were performed in upscattering (phonon annihilation) regime, i.e. this effect can stem from the thermal population of these phonon states in α-AgCuSe. Nevertheless, it should be noted that the dependence of the inelastic intensity in the upscattering regime is usually influenced by instrumental or thermal effects in those kinds of neutron experiments. In our case, these effects were taken into account during data analysis by implementation of the thermal population factor and a multiphonon correction procedure. Nevertheless, in [18] it is shown that smearing of the high-energy part of the spectra -above 23-25 meV in our case -can probably be nothing else but a mathematical problem of data reduction during subtracting of the multiphonon effects. Hence, in our opinion, the excess of the density of states above 23-25 meV in α-AgCuSe is rather a mathematical problem of the data reduction during the subtraction of the multiphonon terms than a physical effect. However, the description of the self-consisting iterative procedure as well as the weaknesses of such a correction is not the topic of this paper and can be found elsewhere (see for instance [18] ).
Summary
The large volume change (5%) at the superionic phase transition accompanied with the abrupt increase of ionic conductivity show that AgCuSe undergoes a type-I superionic transition according to the classification of Boyce and Huberman [30] . A model for ionic conduction in α-AgCuSe was derived by synchrotron powder diffraction data: cations jumps in "skewed" 100 directions between nearest-neighbor tetrahedral sites via the peripheries of the octahedral cavities. No anomalies in the temperature dependence of the average structure were observed. Doubtlessly, single crystal measurements of α-AgCuSe would provide more information about the underlying structure. Such measurements are, however, practically impossible (or at least extremely difficult) even if single crystals are available, since the 1st order superionic phase transition will lead to fracture. The temperature dependence of cation distribution in α-AgCuSe as described by our structural model correlates well with the temperature behaviour of ionic conductivity and gives strong support for the validity of the model.
The neutron-weighted density of states show a nonDebye-like behaviour for AgCuSe in the low-energy region accessed in our experiment. Pronounced changes with temperature in the frequency spectra of β-and α-AgCuSe result from numerous contributions (increasing anharmonic effects, time-averaged static disorder and phononphonon scattering) and accompany the superionic phase transition as well. In principle, the separation of different contributions to the phonon widths is possible by inelastic coherent neutron scattering on single crystals (see for instance, [27] ) which, however, is practically impossible in the case of AgCuSe. Moreover, as we can see in [31] , molecular dynamics simulations are the most appropriate method for the investigation of highly anharmonic solids. Still, the central problem of those simulations is to derive a realistic potential, in the sense, that the potential reproduces the experimentally determined density of states within acceptable limits [31] . Hence, our experimental results on the density of states in AgCuSe could be an experimental base for further computational modelling on this highly anharmonic system.
